Abstract Acid-sensing ion channels (ASICs) are neuronal H + -gated cation channels, and the transient receptor potential vanilloid 1 channel (TRPV1) is a multimodal cation channel activated by low pH, noxious heat, capsaicin, and voltage. ASICs and TRPV1 are present in sensory neurons. It has been shown that raising the temperature increases TRPV1 and decreases ASIC H + -gated current amplitudes. To understand the underlying mechanisms, we have analyzed ASIC and TRPV1 function in a recombinant expression system and in dorsal root ganglion (DRG) neurons at room and physiological temperature. We show that temperature in the range studied does not affect the pH dependence of ASIC and TRPV1 activation. A temperature increase induces, however, a small alkaline shift of the pH dependence of steady-state inactivation of ASIC1a, ASIC1b, and ASIC2a. The decrease in ASIC peak current amplitudes at higher temperatures is likely in part due to the observed accelerated open channel inactivation kinetics and for some ASIC types to the changed pH dependence of steady-state inactivation. The increase in H + -activated TRPV1 current at the higher temperature is at least in part due to a hyperpolarizing shift in its voltage dependence. The contribution of TRPV1 relative to ASICs to H + -gated currents in DRG neurons increases with higher temperature and acidity. Still, ASICs remain the principal pH sensors of DRG neurons at 35°C in the pH range ≥6.
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Introduction
Acid-sensing ion channels (ASICs) are neuronal H + -gated Na + channels that are members of the epithelial Na + channel (ENaC)/degenerin family of ion channels [24, 54] . Functional ASICs are homo-or heterotrimers of ASIC1a, ASIC1b, ASIC2a, ASIC2b, and/or ASIC3 subunits [14, 20, 54] . ASIC2b is not functional as homomultimer but can form functional heteromeric channels with other subunits [27] . ASIC4 channel activity has not been detected so far. It may participate in regulating the membrane availability of other ASIC subunits [11] . Transient receptor potential vanilloid 1 (TRPV1) is a Ca 2+ -permeable multimodal ion channel activated by low pH (≤6.0), noxious heat (>43°C), capsaicin, and voltage and is a member of the subfamily of temperaturedependent transient receptor potential channels [6, 25, 39] .
Both ASICs and TRPV1 are expressed in small diameter dorsal root ganglion (DRG) neurons giving rise to slowly conducting Aδ and C fibers which are believed to be nociceptors [26] . A previous study from our laboratory found co-expression of ASICs with nociceptor markers in this subpopulation of DRG neurons [35] . Since ASICs and TRPV1 are both H + -activated channels, they are good candidates to serve as H + sensors in nociceptors. Studies with ASIC knockout mice indicated that ASIC3 is the main ASIC subunit of the peripheral nervous system involved in inflammatory and acid-induced pain sensation [7, 37, 38] . The exact role of ASICs-i.e., pronociceptive or modulatory-is, however, not clear and likely depends on factors that are currently not understood. In human skin, ASICs mediate the pain that is felt when acidic solutions are injected or applied by iontophoresis [21, 44] . Robust hypersensitivity to heat can develop with inflammation or after injection of specific inflammation mediators, and this sensitization is abolished in TRPV1-deficient mice [5, 9] . This supports an important role of TRPV1 in thermal hyperalgesia.
Numerous studies have described H + -induced currents mediated by ASICs and TRPV1 in sensory neurons [5, 32, 34, 35] . However, most of these studies were carried out at room temperature. TRPV1 is activated by both noxious temperature and acidic pH, and it had previously been shown that acidification shifts the TRPV1 temperature dependence to lower values [22, 42] . As expected, the amplitude of the H + -induced TRPV1-like current in DRG neurons increased with temperature [32] . For ASICs, in contrast, it had been shown that peak current amplitudes are decreased or unchanged and that the open channel inactivation time course is accelerated with increasing temperature [1, 32] . The mechanisms underlying this different regulation of ASICs and TRPV1 by temperature are not known. We reasoned that temperature might influence the pH dependence and other functional parameters of these channels and thereby change ASIC and TRPV1 current amplitudes. To our knowledge, the temperature dependence of H + -gated ASIC and TRPV1 currents in DRG neurons has so far been shown at one single pH [1, 32] . Variation of the temperature may affect the contribution of ASICs and TRPV1 to the acid-induced current in sensory neurons in a way that depends on the pH. To answer these open questions, we have characterized H + -gated ASIC and TRPV1 currents at 25°C and 35°C in transfected cells and in DRG neurons. We chose 35°C since this is close to the temperature at the body surface, where many peripheral sensors are located. We show that the increase in temperature leads to an acceleration of open channel inactivation of all ASICs, reduces the current amplitude of ASIC1a and ASIC1b, and increases the TRPV1 current amplitude, but has only minor effects on ASIC and TRPV1 pH dependence. In small diameter DRG neurons, the ratio of current amplitude and charge transfer between TRPV1 and ASICs increased with acidic pH and temperature. The acid-induced depolarization at pH ≥6 under current clamp was decreased with increasing temperature in a subpopulation of neurons.
Materials and methods

DRG neuron isolation and culture
Adult male Wistar rats (Janvier, Le Genest Saint Isle, France) were killed using CO 2 for experiments involving DRG neurons. All experimental procedures were carried out according to the Swiss Federal Law on Animal Welfare and approved by the Committee on Animal Experimentation of the Canton de Vaud [55] . DRG neuron isolation and culture were performed as previously described [35] . Briefly, rats were killed using CO 2 and lumbar DRGs were removed bilaterally. The isolated DRG were incubated at 37°C for 2 h in Neurobasal A medium (Invitrogen, Basel, Switzerland) containing type P collagenase (0.125%, Roche, Basel, Switzerland) and trypsinized (0.25%, Invitrogen) 30 min at 37°C in divalent-free PBS solution. Following enzymatic digestion, ganglia were triturated with a fire-polished Pasteur pipette and the dissociated neurons were plated on high molecular weight polylysine (0.1 mg/ml, mol wt >300,000, Sigma, Buchs, Switzerland)-coated coverslips. Neurons were held at 37°C overnight, and medium was replaced the following morning with L15 Leibovitz medium (Invitrogen) supplemented with 10% fetal calf serum (FCS, GIBCO), 5 mM HEPES, pH adjusted to 7.4 with NaOH and osmolarity adjusted to 320 using sucrose. Neurons were kept at 4°C and used within 48 h of plating [4] .
Recombinant expression of ASICs and TRPV1
Previously described cell lines stably expressing mouse ASIC1a (the mouse ASIC1a protein sequence is 99.8% identical to rat ASIC1a), rat ASIC1b, human ASIC2a (99% identical to rat ASIC2a), and rat ASIC3 were used in the present experiments [35] . cDNA encoding rat TRPV1 was subcloned into the pEAK8 expression vector (EdgeBio, Gaithersburg, USA) which contains a gene for puromycine resistance. Chinese hamster ovary cells (CHO) were cotransfected with the TRPV1-peak8 construct and the green fluorescent protein using Lipofectamine 2000 (Invitrogen). At day 4 post transfection, 10 μg/ml puromycine (PAA, Pasching, Austria) was added to the medium. Selection occurred during 2 weeks before cells were used in electrophysiological experiments. Cells were grown in DMEM/F12 medium (GIBCO) supplemented with 5% FCS and 1% penicillin/streptomycin. Human embryonic kidney cells (HEK) were transfected with the TRPV1-peak8 construct and grown in DMEM (GIBCO) supplemented with 10% FCS and 1% penicillin/streptomycin. Transfected cells were passaged 24-48 h prior to the experiments onto poly-lysine-coated coverslips.
Electrophysiological measurements
Electrophysiological measurements were carried out with an EPC 10 patch clamp amplifier (HEKA Electronics, Lambrecht, Germany). Data acquisition and analysis were performed using HEKA's Patchmaster and Fitmaster software. The sampling interval was set to 0.5-1 ms for voltage clamp experiments of ASIC and TRPV1 currents and filtering was set to 3 kHz in all experiments. Experiments were carried out with the whole-cell patch clamp technique. Fast solution exchange (~100 ms) was achieved using the cF-8VS computer-controlled electro valve assembly and the MPRE8 perfusion system (Cell MicroControls, Norfolk, VA, USA). Pipettes were pulled from borosilicate glass (World Precision Instruments, Stevenage, UK) and had resistance between 2 and 6 MΩ, when filled with the pipette solution. Series resistance compensation was set to 50-95% in all voltage clamp experiments. Voltage clamp experiments were performed at a holding potential of −60 mV. In current clamp experiments, current was injected to obtain a membrane potential of −60 mV at the beginning of the experiment. The neuron diameter was estimated from the average of the longest and shortest axes as measured through an eyepiece micrometer scale. Only small diameter DRG neurons (<30 μm) were included in the study.
Solutions
Pipette solutions were adapted to the different types of measurements and contained for measurement of recombinant ASICs (in mM) 90 CsOH, 90 gluconic acid, 10 NaCl, 10 KCl, 1 MgCl 2 , 60 N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES), and 10 ethyleneglycoltetraacetic acid (EGTA), pH adjusted to 7.3 with CsOH. Pipette solution for measurement of recombinant TRPV1 contained (in mM) 140 CsCl, 5 EGTA, and 10 3-(N-morpholino)propanesulfonic acid (MOPS), pH adjusted to 7.4 with CsOH [42] . Pipette solution for voltage clamp experiments in DRG neurons contained (in mM) 100 CsOH, 100 gluconic acid, [15, 30] . Despite good temperature buffering capability, the pH of all our solutions was measured at different temperatures on a bench top temperature-corrected pH meter (Seven Easy, Mettler Toledo, Greifensee, Switzerland), and the experimental pH values were corrected for the observed shift. In all cases, solutions were slightly more acidic at higher temperature. This difference was less than 0.1 pH units in the pH range 8-5 and was, e.g., 0.04 units at pH 7.4. While ASICs are known to be gated by extracellular acidification, intracellular pH has been shown to modulate ASIC1a currents [53] . Intracellular acidification was shown to decrease peak current amplitudes and to accelerate open channel inactivation, however, with shallow pH dependence [53] . Because we used in our experiments HEPES to buffer the intracellular solutions, intracellular pH changes due to changes in temperature may contribute to the observed effects. To test whether the intracellular pH shift due to the change in temperature in HEPES containing pipette solutions contributes to the observed functional changes in ASIC currents, we replaced in control experiments the HEPES in the pipette solution by MOPS. Under these conditions, ASIC1a whole-cell currents inactivated with a Q10 of 2.25± 0.20 between 25°C and 35°C (pH 6.5, n=5), a value close to the Q10 measured with HEPES containing pipette solution (pH 6.7, 1.97±0.16, n=7).
Capsaicin and 4-(3-chloro-2-pyridinyl)-N-[4-(1,1-dimethylethyl)phenyl]-1-piperazinecarboxamide (BCTC) were added from stock solution in DMSO (final DMSO concentration 0.1%). Chemicals were obtained from Acros Organics (Geel, Belgium), Applichem (Darmstadt, Germany), Enzo Life Sciences (Lausen, Switzerland), Sigma, or Fluka (Buchs, Switzerland).
Temperature control
Temperature was controlled using a temperature control unit connected to the MPRE8 perfusion system (TC2Bip, Cell MicroControls, Norfolk, USA). Bath temperature was measured using a temperature probe (Th-10Km, Cell MicroControls, Norfolk, USA) and was found to be accurately controlled at the exit of the perfusion system (data not shown). Temperature ramps were controlled from the Patchmaster software. Unless mentioned, measurements were performed in steady-state temperature conditions.
Analysis and statistics
Current traces were fitted using the equation: I = I min + I max *exp(-t/t I ) where I min and I max are the minimum and maximal currents, t the time and t I the time constant of inactivation. The pH activation curves were fitted using the Hill equation:
, where I max is the maximal current, pH 0.5 is the pH at which half of the maximal current is measured, and nH is the Hill coefficient. Steady-state inactivation curves were fitted by an analogous equation. Recovery from inactivation curves were fitted by using a monoexponential fit equation:
Þ=t R , where I is the normalized current amplitude, t R is the exponential time constant and, d is the delay. Conductance-voltage activation curves were fitted using the following Boltzmann function:
where G is the conductance, G min and G max are the minimal and maximal conductance, V is the voltage, V 0.5 is the voltage that elicits half-maximal conductance, z is the gating charge, F is the Faraday constant, and R is the gas constant. Data are presented as mean ± SEM. Differences between temperature conditions in comparisons where two values were compared at two temperatures were analyzed using Student's t test. Statistical differences between groups are indicated by asterisks: * (p<0.05), ** (p<0.01), and *** (p<0.001). Situations where more than two conditions exist at two temperatures were compared using two-way ANOVA. Statistical difference between groups are indicated by number signs: # (p<0.05), ## (p<0.01), and ### (p<0.001).
Results
ASIC open channel inactivation kinetics are accelerated at higher temperature ASIC currents were recorded in the whole-cell patch clamp mode from CHO cells stably expressing ASIC1a, ASIC1b, ASIC2a, or ASIC3. Increasing the temperature from 25°C to 35°C accelerated open channel inactivation of all ASIC subtypes as illustrated in Fig. 1a , resulting in a shorter duration of the transient current. The temperature-induced changes in inactivation kinetics were fully reversible and did not depend on whether the experiment was started at 25°C or 35°C (data not shown). To quantify the kinetics, the inactivating part of the current traces was fitted to a single exponential (see "Materials and methods"), yielding the time constant of inactivation t I (Fig. 1b) . Figure 1b also shows the Q10 index for the inactivation kinetics, which was calculated as the ratio of t I at 25°C/t I at 35°C. The Q10 value was low for ASIC3, intermediate for ASIC1a and ASIC1b, and greatest for ASIC2a (Fig. 1b) . The Q10 values of ASIC1a, ASIC1b, and ASIC2a inactivation are close to or in the range of typical values for gating processes involving conformational changes of ion channels (≥2) [17] . Similar Q10 values were obtained over a wide range of test pH (data not shown). The Inactivated ASICs require exposure to a sufficiently alkaline pH for a certain duration to leave the inactivated state and to be ready for activation by acidification. As a second measure of the kinetics of a transition between conformational states of the channel, we determined this time course of the recovery from inactivation. These experiments were done with ASIC1a, which has the slowest recovery time course among ASIC subtypes [2, 36] ( Supplementary Fig. S1a , online resource 1). Recovery from inactivation was accelerated with increasing temperature, however, with a low Q10 value of 1.52±0.02 (Supplementary Fig. S1b and S1c, online resource 1), indicating low temperature dependence.
Temperature dependence of ASIC activation and steady-state inactivation
To characterize the pH dependence of activation of cloned ASICs, we performed step pH changes from pH 7.4 (7.6 for ASIC1a) to acidic solutions of different pH. For illustration, the protocol used for ASIC1b is shown on the left panel of Fig. 2a , and current traces obtained at the two temperatures are shown in the middle and right panels. Steady-state inactivation (SSIN) represents the transition from the closed to the inactivated state during prolonged exposure to moderately acidic pH. SSIN determines the fraction of channels that are available for opening at a given conditioning pH. A typical SSIN pH dependence protocol for ASIC2a is illustrated in Fig. 2b (left panel), and current traces obtained in a typical experiment with ASIC2a performed at 25°C and 35°C are shown in the middle and right panels. For each ASIC type, the normalized current of activation experiments is plotted as a function of the test pH, together with the normalized currents of the SSIN experiments that are plotted in Fig. 2c as a function of the conditioning pH. Individual experiments were fitted with the Hill equation (see "Materials and methods"), yielding the pH of halfmaximal activation (pH 0.5 ), or the pH of half-maximal inactivation (pHIn 0.5 ) and the Hill number (nH), which are indicated in Table 1 . As shown in Fig. 2c and in Table 1 , the increase in temperature did not significantly affect the pH dependence of activation of ASIC1a, ASIC1b, ASIC2a, and ASIC3. In contrast, the increase in temperature shifted the inactivation curve of ASIC1a, ASIC1b, and ASIC2a to slightly more alkaline pH. As a consequence, if ASIC1a, ASIC1b, or ASIC2 is activated from a conditioning pH corresponding to the steep part of their SSIN curve, the currents are expected to be smaller at the higher temperature.
The ASIC-mediated charge transfer is reduced with increasing temperature ASIC activation in neurons has been shown to induce action potentials [10, 35, 49] . The extent and the duration of the ASIC-mediated depolarization depend not only on the amplitude of the ASIC activity but also on the number of charges the channels transport during their opening. We tested therefore whether either of these parameters, the peak current amplitude and the number of transported charges during channel opening (termed here "charge transfer"), were affected by a change in temperature. Figure 3a shows the normalized peak current density measured at a saturating pH for the two temperatures 25°C and 35°C for each ASIC subtype. ASIC1a and ASIC1b showed a reduction in peak current density at 35°C. ASIC2a presented a modest increase in peak current density at 35°C while no modifications were observed with ASIC3. The observed shift in pHIn 0.5 may contribute to the ASIC1a current decrease at the higher temperature because it is expected to lead to partial inactivation of ASIC1a at the conditioning pH of 7.4 ( Fig. 2c ). For other ASIC types, such a contribution is not possible because the steep part of their SSIN curve occurs at pH values that are more acidic than the conditioning pH (7.4; Fig. 2c ). The charge transfer was calculated by integrating the area under the current trace from activation to complete open channel inactivation during a 10-s acidification. Figure 3b presents the ratio of the charge transfer at 35°C/ charge transfer at 25°C. As expected from the lower peak inward current density and faster open channel inactivation kinetics at the higher temperature, increasing the temperature from 25°C to 35°C resulted for all ASIC subtypes in an approximately two-fold reduction in charge transfer during a 10-s acidification.
While ASIC1a and ASIC1b currents rapidly decrease to the baseline during an acidic stimulation, ASIC2a and ASIC3 display a small sustained current at the end of a 10-s stimulation (Fig. 1a ). This sustained current appears mainly in the more acidic pH range [27, 40, 51, 52] . Figure 3c presents the sustained current fraction calculated as the ratio of the sustained current and the peak current, in percent. The ASIC2a sustained current fraction was reduced by about 30% by the temperature increase from 25°C to 35°C while the ASIC3 sustained current fraction was temperature independent. The decrease of the sustained ASIC2a current at 35°C is likely due to a decrease in the relative energy of the inactivated versus the open state at this temperature. Taken together, the current densities of ASIC1a and ASIC1b, the number of transported charges of all ASICs, and the amplitude of the sustained ASIC2a current are reduced at 35 relative to 25°C.
The amplitude of H + -gated currents of cloned TRPV1 increases with temperature
The effect of temperature on TRPV1 was assessed by whole-cell patch clamp on CHO cells stably expressing TRPV1. Figure 4a shows a typical trace of TRPV1 current induced by a heat ramp from 25°C to 50°C at pH 7.4. The average current response measured in such experiments is plotted in Fig. 4b for heat ramps at pH 7.4 and 6.5. Ten percent of the maximal heat-induced current was reached at 40.2±1.2°C when carried out at pH 7.4 (n=11) and at 36.4± 1.5°C when done at pH 6.5 (n=10), indicating that acidification shifts the temperature dependence to lower values, consistent with previous studies [42] . In TRPV1-expressing cells, the average heat-evoked current density at 50°C was −171±46 pA/pF at pH 6.5 (n=10) and −96± 33 pA/pF at pH 7.4 (n=9). The heat-evoked current density in non-transfected cells was negligible with −12±10 pA/pF at pH 6.5 (n=3) and −7±6 pA/pF at pH 7.4 (n=3). The analysis of the heat-evoked TRPV1 currents with Arrhenius plots is illustrated in Supplementary Fig. S2 (online resource 2) and yielded Q10 values in the steep phase of 12.0±2.0 (n=8) at pH 7.4 and of 8.8±0.8 at pH 6.5 (n= 10). The relatively low Q10 values are likely due to the absence of external Ca 2+ in these experiments [50] . The threshold temperature as determined from the Arrhenius plot analysis was 41±1°C at pH 7.4 (n=8). At pH 6.5, the threshold was not in all experiments clearly detectable from the Arrhenius plot, due to a high-temperature dependence already at low temperatures.
The pH dependence of TRPV1 activation was determined in an analogous way as for ASICs, and typical current traces at 25°C and 35°C are presented in Fig. 4c . These traces also illustrate that channel opening is faster at the higher temperature. To quantify the current activation kinetics, the time constant of opening t O was determined by fitting the opening time course to a single exponential. At pH 6 and 5, a single exponential fitted the activation phase well. Figure 4d plots the time constant of activation measured at pH 6 and 5 at both temperatures, confirming the temperature dependence of TRPV1 activation kinetics. Comparison of the pH dependence of activation at the two temperatures ( Fig. 4e and Table 1) indicates that the TRPV1 pH 0.5 does not change with temperature in the 25-35°C range. Figure 4f plots TRPV1 current amplitudes induced by acidification to pH 6, 5, and 4 at both 25°C and 35°C, measured in direct comparison. The higher temperature led to an increase in the current amplitudes induced over the pH range 6-4 that was 1.37-1.95-fold (n=8-10), dependent on the test pH. To test whether the temperature affected the voltage dependence of the pH 6-induced TRPV1 currents, we performed current-voltage protocols at the two temperatures. These experiments were carried out in TRPV1-transfected HEK cells because the CHO cells did not tolerate well the required voltage protocols. The general properties of H + -induced TRPV1 currents were not different between TRPV1-expressing CHO and HEK cells (data not shown). In the presence of extracellular pH 6 solution, the cells were subjected to a series of 100-ms voltage steps from −100 to +220 mV in 20-mV increments from a holding potential of −60 mV (at 25°C and 35°C). Figure 4g illustrates the current response from a typical experiment, illustrating the large outward currents at positive voltages. Conductance-voltage relationships were constructed and fitted with a Boltzmann function (see "Materials and methods") yielding the voltage of halfmaximal conductance (V 0.5 ) and maximal conductance G max . V 0.5 was 87±14 and 52±14 mV at 25°C and 35°C, respectively (Fig. 4h, solid (25°C) and dashed (35°C) line), yielding a hyperpolarizing shift of −35±9 mV when the temperature was increased from 25°C to 35°C (n=6). The outward conductance at +220 mV was 1.44±0.11 (n=5)-fold larger at 35 as compared to 25°C (Fig. 4h) . This analysis also showed a significant increase in conductance at −60 mV when the temperature was raised from 25°C to 35°C (Fig. 4h, inset) .
ASIC temperature dependence is similar in rat DRG neurons as in the recombinant expression system Because increasing the temperature accelerated the open channel inactivation, thereby reducing the charge transfer of cloned ASICs, we were interested in determining the effect of a temperature increase in a physiological model of pH sensing. Small diameter neurons of rat DRGs are known to express TRPV1 and all ASICs. In a previous study from our laboratory, three types of endogenous ASIC-mediated currents were found in small diameter DRG neurons [35] . Type 1 currents showed slow open channel inactivation kinetics (t I >0.5 s at pH 6) and a ratio of pH 4-induced current amplitude/pH 6-induced current amplitude (I pH 4 /I pH 6 ) of around 1. These properties combined with complete inhibition by the ASIC1a-specific tarantula toxin Psalmotoxin 1 [13] had identified type 1 current as carried by homomultimeric ASIC1a channels [35] . Type 2 and 3 current types are fast inactivating populations of channels (t I <0.5 s) with I pH 4 /I pH 6 ratio >2 and <2, respectively. These currents are thought to be composed of heteromultimeric populations of ASIC1, ASIC2, and ASIC3 channels [35] . The kinetics and pH dependence, as well as the absence of a sustained current, suggest that type 3 current is mediated by channels containing ASIC3 and ASIC1a/1b together with likely a third subunit, since dual subunit combinations do not reproduce this current type [8, 16] . ASIC type 2 currents were found in 15% of small diameter DRG neurons by Poirot and colleagues and were not analyzed in the present study because they represent only a small fraction of ASIC currents in DRG neurons and because they require more acidic pH for activation (biphasic activation with major pH 0.5 =~5) than the other two ASIC current types. Figure 5a presents typical traces of type 1 and type 3 ASIC current types at 25°C and 35°C in neurons that had no measurable TRPV1 current at this pH. Open channel inactivation kinetics were accelerated for both current types when the temperature was raised from 25°C to 35°C (Fig. 5b) , with Q10 values of~2.5 for type 1 currents and of~1.5 for type 3 currents. The pH 0.5 of the type 1 current was slightly shifted to more acidic values at 35°C, while the type 3 current pH 0.5 was temperature independent (Fig. 5c , Table 2 ). The type 1 ASIC currents of rat DRG neurons had a more alkaline pH 0.5 than the cloned mouse ASIC1a (6.37±0.04 vs. 6.66±0.03 at 35°C, Tables 1 and 2 ). Since the mouse and rat ASIC1a protein sequences differ only in one residue, it is likely that the observed difference is due to different interacting proteins and/or regulation in the two cell types. Type 1 and 3 current amplitudes were reduced with increasing temperature (Fig. 5d ). This temperature-dependent decrease was stronger than observed in the cloned ASIC channels. At least in part, this difference is likely due to the fact that the pHIn 0.5 of the type 1 and type 3 currents is close to 7.3 [35] . A further alkaline shift of pHIn 0.5 by the increase in temperature to 35°C will likely lead to partial SSIN of ASICs at the conditioning pH of these experiments, pH 7.4. In summary, the ASIC current types 1 and 3 of DRG neurons showed a similar temperature dependence of the kinetics and the pH dependence of activation as the cloned ASICs expressed in CHO cells while the temperature dependence of peak current amplitudes was stronger in DRG neurons.
Temperature dependence of the endogenous rat DRG TRPV1 channel
The ability of the endogenous DRG TRPV1 channel to be opened by heat was first tested by performing a 30-s 25-50°C heat ramp at either pH 7.4 or 6.5 (Fig. 6a) . Acidification to pH 6.5 increased the heat-evoked current amplitude (not shown) and shifted the heat activation threshold to lower temperatures (Fig. 6b) . At pH 7.4, 10% of the maximal heat-invoked inward current amplitude was reached at 40.9±1.3°C (n=9) while at pH 6.5, 10% of the maximal current was reached at 36±1.8°C (n=10). Anal- Sustained current fraction (%) Fig. 3 Temperature dependence of ASIC peak current amplitudes and charge transfer. a The ratio of peak inward current density obtained at 35°C and 25°C is plotted for the given saturating test pH for the different ASIC subtypes, n=5-7. Asterisks indicate statistical difference from 1, assessed by one sample t test. b Ratio of charge transfer density (measured as the integral of the current, normalized to the cell capacitance) at 35°C to that at 25°C at given saturating test pH for the different ASIC subtypes, n=4-6. One sample t test. c The sustained current fraction (in percent) was obtained by taking the ratio of the sustained current at the end of a 10-s acidification to the peak current at 25°C and 35°C. Results are shown for ASIC2a and ASIC3, paired t test, n=4-6 ysis of the heat-evoked current by Arrhenius plots yielded Q10 values of the steep phase of 14.9±1.3 at pH 7.4 and 8.3±1.0 at pH 6.5 (n=7-10). The activation threshold determined from Arrhenius plots at pH 7.4 was 41±1°C.
The current induced by a 30-s heat ramp was reversibly inhibited by 94±4% (n=4) in DRG neurons by a 60-s preincubation with 100 nM BCTC, a TRPV1 inhibitor that binds to the capsaicin binding site (Fig. 6c) [45] . Together with the activation threshold of this current and its modulation by pH (see below), this strongly suggests that the current induced by the heat ramp is mainly carried by TRPV1. Typical H + -induced TRPV1 current traces are shown in Fig. 6d . The traces indicate that the current amplitude increased with increasing temperature. Figure 6e shows that the temperature increase led to a 1.6-2.4-fold increase in peak current density, depending on the test pH. The pH dependence of activation of H + -gated currents measured at 25°C and 35°C was, however, temperature independent (Fig. 6f) , consistent with the behavior of the cloned TRPV1 channel (Fig. 4) . These experiments thus a c b Table 1 . f Current amplitudes for acidification to pH 6, 5, and 4 at 25°C (open bars) and 35°C (filled bars) were measured in direct comparison and normalized to the response to pH 4 at 35°C (###p<0.001, two-way ANOVA, n=7-9). g HEK cells expressing TRPV1 were voltageclamped to −60 mV and subjected to a protocol of 100-ms voltage steps between −100 and +220 mV in 20 mV increments at 25°C or 35°C in pH 6 solutions. The pH 6 solution was applied 10 s prior to the recording of the I-V curve to completely inactivate the endogenous ASIC1a currents. A typical experiment is shown. h Conductance was normalized to the highest value measured at 35°C for a given cell and plotted as a function of voltage. A Boltzmann function was used to fit the conductance-voltage curve (solid and dashed lines). Direct comparison of V 0.5 at 25°C and 35°C gave a hyperpolarizing V 0.5 shift (*p<0.05, paired t test). The conductance was larger at 35°C compared to 25°C (n=5). The conductance at −60 mV was different between 25°C and 35°C (*p< 0.05, paired t test, n=6; h inset)
show that the endogenous rat TRPV1 is efficiently activated by high temperature, that the temperature dependence is shifted to lower temperatures by simultaneous acidification, and that H + -gated currents are increased between 25°C and 35°C without a shift in the pH dependence of activation.
The relative contribution of ASICs and TRPV1 to H + -gated currents depends on temperature
We measured the amplitudes of the acid-induced transient ASIC and sustained TRPV1 currents in small diameter DRG neurons at physiological ion concentrations in the extracellular solution. Co-expression of ASIC and TRPV1 is frequently found in small diameter DRG neurons. However, due to their different pH dependence and kinetics and the previous observation that ASIC type 1 and 3 currents of small diameter DRG neurons have practically no sustained component [35] , these currents can be separated for the analysis. Figure 7a shows typical acidinduced currents from a DRG neuron co-expressing ASIC type 3 and TRPV1 currents at 25°C and 35°C. As described previously in this study for cloned and endogenous ASICs, the transient current amplitude, which is mediated by ASICs, was decreased when the temperature was raised from 25°C to 35°C (Figs. 3a and 5d ). The amplitude of the sustained current, which is mostly mediated by TRPV1, was slightly increased at 35°C (Fig. 7a) . Figure 7b illustrates an experiment from a neuron expressing similar ASIC and TRPV1 currents as in Fig. 7a and shows the current response at 25°C to different acidic pH values in the range of 6 to 4. While the transient current amplitude had reached its maximum at pH 6, the amplitude of the sustained current, mediated mostly by TRPV1, increased strongly in the pH range of 6 to 4 (Fig. 7b) . To confirm that The pH of half-maximal activation (pH 0.5 ) was obtained by fitting the data to the Hill equation ("Materials and methods") **p<0.01, different from the corresponding parameter obtained at 25°C (t test), n=4-8 the transient current is mediated by ASICs, we applied in a separate set of experiments a conditioning pH of 7.0 during 40 s prior to the ASIC activation by pH 6 and compared the pH 6-induced transient current amplitude to that obtained in the same cell with a conditioning pH of 7.4. The conditioning exposure to pH 7 is expected to inactivate ASIC currents (Fig. 2c) [35] . This method of separation yielded the TRPV1-mediated sustained component with no measurable transient component, confirming the transient component as ASIC current (Fig. 7c , representative traces on the left, summarized on the right). Control experiments with cloned TRPV1 showed that a 40-s exposure to pH 7.0 did not inhibit TRPV1 currents (I TRPV1 after 40-s conditioning at pH 7.0=98±9% of I TRPV1 after control conditioning at pH 7.4, n=6). To test for the presence of TRPV1 in neurons expressing a sustained acid-induced current, we measured the capsaicin-induced current in such neurons in a set of experiments. In all neurons tested with a detectable (i.e., >10 pA) pH 6-induced sustained current, 1 μM capsaicin induced a current (current density = −134 ± 30 pA/pF, 25°C, n=9). The sustained current induced by pH 4, pH 5, or capsaicin was reversibly inhibited by~90% by the TRPV1 antagonist BCTC at 100 nM (Fig. 7d) [45] . These observations, in addition to the specific pH dependence and the slow activation kinetics, are consistent with TRPV1 mediating the sustained acid-induced current. Figure 7e plots the ratio of the TRPV1 current amplitude (measured at the end of a 10-s acidification)/ASIC current amplitude (measured as the transient component) at pH 6, 5, and 4 at 25°C and 35°C. This analysis indicates that the current amplitude induced by pH 6 was higher for ASICs at both temperatures. As expected from their pH dependence, the ratio between the current amplitude of TRPV1 and ASICs increases with acidic pH and temperature (Fig. 7e) . DRG neurons are a very heterogeneous population of cells, with variable ASIC and TRPV1 current expression levels, reflected by the large error bars of the ASIC/TRPV1 current ratio (Fig. 7e) . To evaluate the contribution to the sustained activity, we have determined the charge transfer, as the integral of a 1-s segment of trace at the beginning (ASIC) and at the end (TRPV1) of an acidic pulse [32] . This analysis is shown in Fig. 7f and suggests that during a 1-s period of the stimulation, the ratio of charge transfer by TRPV1 relative to ASIC increases with temperature and acidic pH. Due to the high cell-to-cell variability in channel expression levels, the increase from 25°C to 35°C induced only a significant change in charge transfer ratio at pH 6.
Neuronal ASIC-mediated excitability is modulated by temperature
To determine whether there are differences in acid-induced neuronal activity between 25°C and 35°C, we activated ASICs by extracellular acidification from 7.4 to moderately acidic pH values (≥pH 6) in small diameter DRG neurons under current clamp and measured the amplitude of the depolarization and the number of induced action potentials (APs; Fig. 8 ). The change in membrane potential induced by pH 6.8 has two components, a slow depolarization to about −30 mV that takes about a second to reach its maximum and then decays slowly at 25°C and faster at Table 2 , n=6-7
35°C. On top of this slow activity, a burst of action potentials is visible. The first, slow component reflects the H + -induced depolarization, which is at the pH of 6.8 entirely mediated by ASICs due to the different pH dependence of TRPV1. To confirm that the observed slow depolarization is due to ASICs, we conditioned in a separate set of experiments neurons that expressed either type 1 or type 3 currents with pH 7, which inactivates ASICs (Fig. 7c) , but does not affect the TRPV1 component. Conditioning by pH 7 reversibly reduced the pH 6-induced depolarization amplitude at 500 ms by 81±6% (n=7) of its value measured at pH 7.4 (data not shown). The observed acceleration of the decay of this component with higher temperature (Fig. 8a) reflects the accelerated open channel inactivation time course of ASIC currents observed at 35°C. In the experiments shown in Fig. 8a , the ASIC-mediated depolarization reached the activation threshold of voltagegated Na + channels, inducing the firing of action potentials. Acidification induced in most neurons with a type 1 ASIC current one or more APs. Figure 8b illustrates how in most cells a TRPV1-mediated depolarization (corresponding to the slowly developing depolarization after the initial peak) developed after the ASIC-mediated depolarization. Such slow depolarization occurred only at pH≤6. The depolarization amplitude ΔV m induced by a pH drop to pH≤6.5 showed a tendency to lower values for both channel types at 35°C (Fig. 8c) , a difference that was, however, only statistically significant for type 3 currents. In neurons expressing type 1 ASIC currents, acidification led generally to a higher number of APs than in those expressing type 3 ASIC currents (Fig. 8d) , likely due to the slower kinetics of the type 1 ASIC current. The number of APs was not significantly different between the two temperatures for either current type (Fig. 8d) .
Taken together, we show in the current clamp experiments that acidification to pH values that mainly activate ASICs and less TRPV1 depolarizes neurons and induces APs. The amplitude of the depolarization has a pH dependence close to that of ASIC currents.
Discussion
In this study, we have characterized acid-evoked ASIC and TRPV1 currents at room and physiological temperature in a recombinant expression system and in small diameter DRG neurons where both channel classes are endogenously expressed. Although the pH dependence of ASICs only to a small extent, we observed a reduction of ASIC and an increase of TRPV1 current amplitudes at 35°C and changes in current kinetics. This opposite temperature dependence of TRPV1 and ASICs increased the relative contribution of TRPV1 to pH sensing in DRG neurons at higher temperature.
Temperature dependence of ASICs
The increase in temperature to 35°C did not affect the ASIC activation pH dependence and induced small alkaline shifts in the inactivation pH dependence. This indicates that the difference in the energy of the three conformational states-closed, open, and inactivateddoes not change completely with temperature in the temperature range between 25°C and 35°C, but that the increase in temperature favors to a certain extent the inactivated state. The most striking effect of the increased temperature was the reversible acceleration of open channel inactivation. This effect had previously been shown for some ASIC subtypes in a study that investigated ASIC kinetics in the temperature range of 6°C to 34°C [1] and recently for ASIC currents in DRG neurons [32] . A decrease in peak current amplitude with increasing temperature as observed in our study has previously been shown for cloned ASICs and some ASIC current types in sensory neurons [1, 32] . In contrast to these findings, ASIC-mediated currents were shown to be completely abolished upon increasing the temperature to 36°C in rat pulmonary sensory neurons [33] . This observation might be due either to a completely different environment in these neurons or to a differential regulation because Ni and Lee [33] used perforated patch recordings. Alternatively, it might be due to the fact that the highly thermally sensitive buffer HEPES was used in the extracellular solution [33] , and therefore, the pH of the conditioning solution was lowered by the temperature increase, leading most likely to ASIC inactivation due to pHIn 0.5 values of sensory neuron ASICs of~7.3 [35] . In ENaC, a channel related to ASICs, Na + self-inhibition is observed as the exponential current decrease after an initial peak of Na + current, similar to open channel inactivation in ASICs [19] . The time course of Na + selfinhibition is accelerated with increasing temperature. A study that investigated the temperature dependence of selfinhibition showed that the decrease in ENaC currents observed at higher temperature was due to the increase in the inactivation rate. We observed a pronounced temperature dependence of the time course of open channel inactivation in all ASICs and a significant decrease in peak [25] ). There is strong evidence that these different ways of activating TRPV1 interact with each other. It has been shown for the two TRP family members TRPV1 and TRPM8 that they have a strong inherent voltage dependence and that changes in temperature or exposure to low concentrations of activators shift this voltage dependence and thereby activate these channels at physiological negative membrane potentials [48] . In the study by Voets and colleagues, a two-state model was sufficient to describe the activity of TRPV1 and TRPM8 with either the opening rate (TRPV1) or the closing rate (TRPM8) showing a hightemperature dependence. A recent study provided evidence that voltage alone may only be a partial activator and that higher concentrations of agonists activate these channels by voltage-independent mechanisms [28] . These authors proposed an allosteric model of the control of TRPV1 and TRPM8 activity by voltage, temperature, agonists, and antagonists.
Consistent with an allosteric model or a model in which different pathways converge for channel activation, interdependence of the effect of different TRPV1 activators has been shown in many studies. In several cases, one stimulus could affect the concentration dependence of a second stimulus. Extracellular acidification has been shown to shift the TRPV1 concentration-response curve of agonists such as capsaicin and anandamide to lower values and to lower the temperature activation threshold [3, 22, 31, 42, 47] . It was also shown that capsaicin potentiates the heat-induced current in DRG neurons [47] . In studies on H + -induced TRPV1 currents in DRG neurons as well as in jugular and nodose neurons innervating rat lungs, pH 5.5-induced TRPV1 currents were increased by raising the temperature [32, 33] . We confirm here the increase in current amplitude and show in addition that increasing the temperature accelerates the appearance of the H + -induced current but does not change the pH dependence of activation.
The observation that pH can modulate the concentration dependence of agonists and the temperature dependence, but that the reverse, regulation of pH dependence by temperature, does not occur, is likely linked to the existence of two proton binding sites with different functions [22] . Jordt and colleagues showed that protons modulate the temperature dependence of temperature activation as well as the concentration dependence of activation by capsaicin, by protonating Glu-600 of TRPV1 with a pH of halfmaximal effect of~7. Glu-600 is, however, a modulatory and not the activator proton binding site in TRPV1, which also has a different pH dependence [22] . TRPV1 activation by pH clearly interacts with the activation by temperature since increasing the temperature affects H + -induced currents. However, the interaction between the activator proton binding site and other activation pathways is probably not as close as that of the modulatory site, explaining the lack of change in pH dependence when the temperature is raised.
Since the increase in H + -gated TRPV1 current amplitudes at higher temperature is not due to a change in pH dependence, it must be caused by other mechanisms. We have observed a negative shift in the voltage dependence of the TRPV1 conductance at the higher temperature (Fig. 4g,  h) , which explains at least in part the observed current increase. Interestingly, we observed besides the shift in voltage dependence an increase in maximal conductance at 35°C, consistent with observations made for other TRPV1 activators [28] . On the level of the microscopic gating transitions, the changed voltage dependence is expected to affect the transition rates. We have observed an acceleration of the TRPV1 activation kinetics at higher temperature (Fig. 4d) which, in a two-state model as the one described by Voets and colleagues, would reflect an increase of either the opening or closing rate or both [48] . If the opening rate is more increased than the closing rate, this would lead to an increase in open probability, explaining the increased current amplitude at the higher temperature. The available data do not, however, allow confirming or rejecting this hypothesis.
pH sensing in DRG neurons at physiological temperature Both ASICs and TRPV1 are widely expressed in small diameter DRG neurons. pH-dependent currents mediated by ASICs are induced by pH≤7 with pH 0.5 values around 6.5-6, while TRPV1 currents have a pH 0.5 of~5. At physiological temperature, the situation in small diameter DRG neurons is the following. At pH>6 ASICs mediate alone the pH-induced inward currents. Acidification to pH 6 activates both ASICs and TRPV1. The peak current amplitudes at pH 6 are ≥10-fold higher for ASICs than for TRPV1. At pH<6, the amplitudes of TRPV1 currents further increase with stimulation pH of increasing acidity while the amplitudes of the two main ASIC current types have already reached their maximum at around pH 6. As a consequence, ASIC and TRPV1 currents are of similar amplitude at pH 5 and become greater for TRPV1 at more acidic pH. The ratio of the transported charge follows a similar pH dependence, with greater amplitudes for TRPV1 starting at slightly above pH 5.
This ratio can be changed by two mechanisms of TRPV1 regulation, sensitization, and desensitization. TRPV1 is known to be sensitized in inflammatory conditions. Sensitization is thought to depend on phosphorylation, PiP 2 hydrolysis, or increased expression (reviewed in [39, 41] ). Interestingly, sensitization can shift the pH dependence of TRPV1 activation to more alkaline values [43, 46] . Moreover, in inflamed tissue, the temperature can rise above normal levels and can, therefore, further increase the TRPV1 and decrease the ASIC currents. It is, however, important to note that TRPV1 undergoes strong and longlasting desensitization after repeated or prolonged stimulation, limiting considerably its function as pH sensor [23, 42] . Due to this multitude of possible regulations, the relative contribution to pH sensing in vivo of these two channel types is not easily predictable.
In our experiments, the "TRPV1-like" sustained H + -induced current was inhibited by BCTC, and all neurons expressing such a current also showed a capsaicin-activated current, thus suggesting that the H + -induced sustained current was mediated by TRPV1. However, we cannot exclude that a small part of this sustained current is mediated by other pH-sensitive channels shown to be present in sensory neurons, as, e.g., TRPV4 or TRPC4 or TRPC5 [18] .
We have studied acid-induced AP generation in DRG neurons at 25°C and 35°C by acidification to pH values between 7 and 6, which mainly activate ASICs. In neurons expressing ASIC type 3 currents, the depolarization amplitude decreased with increasing temperature. Although the decrease in depolarization amplitude and duration at 35°C was not sufficient to change the AP induction significantly in our experiments, it might under different conditions lead to a smaller effect of ASICs on AP generation at 35°C as compared to 25°C.
While the effects of ASIC activity on DRG neuron signaling support a pro-nociceptive role of ASICs that is confirmed by experiments with rodents and humans (see "Introduction"), two studies with mice provided evidence for an anti-nociceptive or modulatory role of ASICs in pain sensation [7, 29] . It is currently not clear under which conditions and in which neurons ASICs may negatively modulate pain perception. However, if such a function can be confirmed in further studies, it is expected to be enforced at lower temperatures due to increased ASIC current amplitudes and the slowing of the open channel inactivation and might thereby contribute to cold-induced pain relief [12] .
In conclusion, our study shows that ASICs and TRPV1 that are frequently co-expressed in sensory neurons have distinct functions as pH sensors. At physiological temperature, ASICs are the main pH sensing ion channels for pH≥ 6 whereas TRPV1 contributes more importantly at more acidic pH. Their differences in current kinetics and ion permeability most likely further define their respective roles.
